Nut consumption is clearly related to human health outcomes. Its beneficial effects have been mainly attributed to nut fatty acid profiles and content of vegetable protein, fiber, vitamins, minerals, phytosterols and phenolics. However, in this review we focus on the prebiotics properties in humans of the nonbioaccessible material of nuts (polymerized polyphenols and polysaccharides), which provides substrates for the human gut microbiota and on the formation of new bioactive metabolites and the absorption of that may partly explain the health benefits of nut consumption.
Introduction
Nut intake is inversely associated with all-cause and cancer mortality, type 2 diabetes in women, and coronary heart disease and its intermediate biomarkers (Bao et al., 2013; Estruch et al., 2013; Berryman et al., 2015; Grosso et al., 2015; van den Brandt and Schouten, 2015) . In the PREDIMED (PREvenci on con DIeta MEDiterr anea) trial, a Mediterranean diet supplemented with olive oil or nuts was associated with a significantly greater reduction in cardiovascular events (an aggregate of fatal and nonfatal cardiovascular disease events, namely CHD and stroke), after a median of 4.8 years of follow-up, in comparison with a control diet consisting of advice to reduce all types of dietary fat . Moreover, nut supplementation seems to exert an additional beneficial effect on stroke occurrence Salas-Salvad o et al., 2014) , formation of a less atherogenic LDL subfraction (Damasceno et al., 2013) and incidence of metabolic syndrome than supplementation with virgin olive oil (SalasSalvad o et al., 2008; Babio et al., 2014) .
In the recent Dietary Guidelines for Americans (USDA, n.d.), the Committee concluded that a high consumption of nuts, among other healthy foods, is clearly associated with beneficial health outcomes (Dietary Guidelines for Americans, 2015) . Although there is a concern about consuming nuts due to their high energy density, current data indicate that nut consumption is not related to body weight increase (Rajaram and Sabat e, 2006; Flores-Mateo et al., 2013; Tan et al., 2014) in certain situations. In the US, although 14.4% of men and 11.8% of women consume more than the FDA recommended daily amount of 43 g (1.5 oz) of nuts, around 60% of the population does not consume any nuts on a given day, and this proportion increases to up to 70% among Blacks and Hispanics (Nielsen et al., 2014) .
The health benefits of nuts have been mainly attributed to their fatty acid profile, and content of vegetable protein, fiber, vitamin phytosterols and phenolics. However, the aim of the present review is to examine the current evidence supporting the notion that the beneficial dietary role of nuts is also based on their prebiotic properties. These are mainly due to high levels of dietary fiber and polymerized polyphenols, which are metabolized by gut microbiota to form bioactive molecules that can benefit the health of the human host.
Prebiotic effect
Microorganisms within the human gastrointestinal (GI) tract (approximately 100 trillion) are estimated to outnumber somatic cells within the body by tenfold. The collective genomes of these microbiome are a source of functional attributes that humans have not had to evolve themselves (Gill et al., 2006; Turnbaugh et al., 2007) . As well as bacteria, gut microbial communities include yeasts, single-cell eukaryotes, viruses and small parasitic worms. The number and diversity of microbes fluctuates along the GI tract, but the majority is found within the large intestine. Human gut bacteria can be beneficial (Bifidobacterium and Lactobacillus) or harmful (Clostridia and Bacteroides) to the host. Overall, the intestinal microbiota has a great impact on human health (Slavin, 2013; Zhang et al., 2015) .
The prebiotic effect is defined as "the selective stimulation of growth and/or activity(ies) of one or a limited number of microbial genus(era)/species in the gut microbiota that confer (s) health benefits to the host" (Roberfroid et al., 2010) . There are very few studies describing the prebiotic effect of nuts and their impact on gut microflora and the metabolome. Early in vitro studies showed the prebiotic effect of chestnut extract (Blaiotta et al., 2013) , and almonds and their skins (Mandalari et al., 2008) . More recently, two papers Ukhanova et al., 2014) have described these prebiotic properties in different intervention human clinical trials. Ukhanova et al (Ukhanova et al., 2014 ) performed two separate randomized clinical feeding studies, administering 0, 1.5 (43 g) and 3 (86 g) servings per day of almonds or pistachios to 18 and 16 healthy volunteers, respectively, for 18 d. Although the effective dose is not defined, an increase in the number of presumed butyrate producers was observed in both groups, and it was concluded that almonds and especially pistachios can affect the composition of the fecal bacterial and fungal microbiota. However, neither almond nor pistachio intake increased the numbers of Lactobacillus or Bifidobacteria. In the same year, Liu et al (2014) reported a study with 48 volunteeers that were randomly assigned to three diferent intervention groups: a control group supplied with 8 g/d of fructooligosaccharides (4 g at lunch and 4 g at dinner), a group that had 10 g/d of almond skins (5 g at lunch and 5 g at dinner), and finally, a third group that had 56 g/d of roasted, unsalted, whole almonds (28 g at lunch and 28 g at dinner). After 6 weeks, significant increases in Bifidobacterium spp. and Lactobacillus spp. were observed in the almond and almond skin groups, although the populations of Escherichia coli showed little change, and the growth of Clostridium perfringens was significantly repressed. In addition, significant changes were observed in some bacterial enzyme activities, such as increased b-galactosidase activity and reduced fecal b-glucuronidase, nitroreductase and azoreductase activities. The differing results of these two studies could be due to their duration, since Ukhanova et al. (2014) administered nuts only for 18 days in contrast with 6 weeks in the case Liu et al. (2014) .
Therefore, almonds or almond skins, if supplied for almost 6 weeks, seem to fulfill the criteria for a prebiotic, as defined by Roberfroid (2007) , by promoting (1) resistance to gastric acidity, hydrolysis by mammalian enzymes, and GI absorption; (2) fermentation by intestinal microflora; and (3) selective stimulation of the growth and/or activity of those intestinal bacteria that contribute to health and well-being. Nevertheless, more clinical intervention studies with nuts are required.
The skin covering nut kernels is particularly rich in fiber and polyphenols (see Table 1 ), including both flavonoids and nonflavonoids that may help to explain this prebiotic effect.
Substrates of gut microbiota

Polymerized polyphenols
Nuts are rich in polymerized polyphenols, representing one of the richest food sources of polymerized polyphenols per serving (Abe et al., 2010; P erez-Jim enez et al., 2010) , they are metabolized by gut microbiota, altering the ecosystem and changing the microbiota profile (see Table 1 ). Polymerized polyphenols that are present in nuts are mainly ellagitannins and proanthocyanidins. Chestnuts, pecans, and walnuts are highly rich in ellagitannins (Abe et al., 2010; Regueiro et al., 2014) , while hazelnuts, pecans, pistachios and almonds are rich in proanthocyanidins (see Table 1 ).
Polymerized polyphenols may provide a substrate for gut microbiota and the compounds arising from this metabolism may modulate and cause fluctuations in the composition of the microflora population through selective prebiotic effects and antimicrobial activities against gut pathogenic bacteria. The formation of new bioactive metabolites due to breakdown by microbiota and the modulation of the colonic microbiota may both contribute to health benefits for the host, although the mechanisms have not been clearly resolved (Selma et al., 2009; Cardona et al., 2013) .
Ellagitannins
Ellagitannins (ETs) are polyphenols included within the socalled "hydrolyzable tannins." ETs can occur in chestnuts, pecans, and walnuts, as complex polymers reaching molecular weights of up to 4000 units? (Cerd a et al., 2005) in which hexahydroxydiphenic acid forms diesters with sugars (most often Dglucose). The basic structure is that of ellagic acid, which in the colon is metabolized by microbiota to urolithins (Tulipani et al., 2011; Tulipani et al., 2012 In vitro assays have shown that the prebiotic properties of ETs increase the growth of Lactobacillus and Bifidobacterium (Kamijo et al., 2008; Li et al., 2015) . However, in an 8-week randomized controlled intervention study, no effect of ET was observed in the diversity of predominant bacterial populations in 32 individuals showing symptoms of metabolic syndrome. Participants were randomized to receive ET-rich fruits providing a daily intake of 789 § 27 mg of ETs (n D 20) or control (n D 12). The estimated ET intake of the control group was close to zero. Despite the lack of effect on bacterial diversity, ET bioavailability and urolithin formation were found to be conditioned by the composition of gut microbiota (Puupponen-Pimi€ a et al., 2013). To our knowledge, no study has been published to evaluate the prebiotic effect of the administration of ET-rich food or nuts in healthy individuals. Therefore, to evaluate the possible role of these polyphenols as prebiotic molecules, there is a clear need for more human intervention clinical trials in different population groups, both healthy and at risk of inflammatory or metabolic diseases. Although the bioavailability of ETs and ellagic acid is very low, these molecules undergo extensive metabolism by gut microbiota to produce urolithins, which are much easier to absorb and become highly bioavailable as phase II conjugates in plasma, mainly in the glucuronide conjugate form, at concentrations in the range of 0.2-20 mM (Esp ın et al., 2013; Pfundstein et al., 2014) . Tom as-Barberan et al. (2014) described three distinct urolithin phenotypes according to their excretion after ET and ellagic acid intake. These structural differences can modulate the physiological activity of urolithins, and therefore their potential health effects. Urolithin A is the most active in inhibiting TNF-a production, while urolithin C is the only compound that inhibits IL-6 synthesis (Piwowarski, Granica, Zwierzy nska et al., 2014) . It is therefore conceivable that the health effects of ET-containing products are associated with these gut-produced urolithins, synthesized in different forms and proportions depending on the microflora (PuupponenPimi€ a et al., 2013; Pfundstein et al., 2014; Tom as-Barber an et al., 2014) .
Proanthocyanidins (PAC)
PAC are among the most abundant polyphenols in the human diet and one of the least absorbed polyphenols, mostly due to their size and structural complexity, since PAC consist of oligomers and polymers of monomeric unit flavan-3-ols (¡)-epicatechin or (C)-catechins, (including the gallated forms) (Bittner et al., 2013) . As shown in Table 1 , they occur mainly in hazelnuts (622 mg/cup), pecans (615 mg/cup), pistachios (291 mg/cup), and almonds (225 mg/cup). Epidemiological data show that PAC intake was inversely associated with the risk of developing type 2 diabetes (Zamora-Ros et al., 2014) and certain cancers: endometrial (Rossi et al., 2013) , colorectal, particularly cancer of the rectum (Rossi et al., 2010) , pancreas (Rossi et al., 2012) , and non-Hodgkin's lymphoma (Frankenfeld et al., 2008; Thompson et al., 2010) . However, in humans, PAC are poorly absorbed so these effects can only be explained by their action in the colon, due to a direct effect on intestinal cell and/or for their prebiotic properties and by the active metabolites originated by this microbiota metabolism.
Dietary intervention clinical studies with PAC-rich foods have shown the prebiotic properties of these compounds. One study was performed in two populations, a group of 9 healthy adults (age 37-42 years) and a group of eight elderly patients (age 67-98 years) to assess the prebiotic effects of grape seeds, which are rich in PAC. The younger group received a dose of 190 mg/day of PAC whereas the elderly patients received 380 mg/day, for 2 weeks. Despite the different dose administered, both healthy adults and elderly patients showed a similar response with a significant increase in the fecal number of Bifidobacterium, after the 2 weeks of treatment, whereas the number of putrefactive bacteria such as enterobacteria tended to decrease. The level of putrefactive substances, including ammonia, phenol, p-cresol, 4-ethylphenol, indole, and skatols tended to decrease after the PAC-rich extract intake, and fecal pH also tended to decrease (Yamakoshi et al., 2001 ).The interaction between PAC and intestinal bacteria was also confirmed in a randomized, double blind, crossover, and controlled intervention study with twenty volunteers. A drink with a low PAC content (23 mg of cocoa flavanols/d) and another containing a high PAC dose (494 mg of cocoa flavanols/d), were administered for 4 weeks. Daily consumption of the high PAC cocoa drink significantly increased bifidobacteria and lactobacilli populations but significantly reduced clostridia counts (Tzounis et al., 2011) . Studies performed in pigs treated with grape seeds showed a similar trend, with PAC intake increasing Lachnospiraceae, Clostridales, Lactobacillus, and Ruminococcus. Lachnospiraceae and Ruminococcus represent the major butyrate and propionate producers in human fecal samples .
Most PAC remain in the digestive tract until reaching the colon and can be quantified in feces. Still mainly intact, they exert their biological action on the colon cells, where they can regulate cell signaling pathways by interacting with cell membrane proteins (Choy et al., 2013) , and protect intestinal barrier integrity through different mechanisms, including their antioxidant capacity and anti-inflammation activity . However, the unabsorbed PAC are also extensively metabolized by gut microbiota to produce smaller phenolic acids, including valerolactones, hydroxybenzoic acid, hydroxyphenylacetic acid, hydroxyphenylpropinoic acid, hyrdroxyphenylvaleric acid or hydroxycinnamic acids.
Fiber or non-bioaccessible cell walls
After cereals, nuts are the foods richer in fiber (Salas-Salvad o et al., 2006), the nuts with the highest content are almonds (12%), which contain mainly insoluble fiber (14.30 g/cup) and a small amount of soluble fiber (1.60 g/cup). The dietary fiber or the plant cell walls consist of mainly non-starch polysaccharides, a non-extractable material that is neither digested nor absorbed in the small intestine (Phillips and Cui, 2011; SauraCalixto, 2012; Grassby et al., 2014) . These plant cell walls are formed by supramolecular assemblies of cellulose, hemicelluloses, pectic substances, non-carbohydrate components and water . These cell walls retain a high amount of lipids, and are composed of protein and polyphenols that remain in the colon after duodenal digestion, being therefore available for fermentation in the colon by gut microbiota. The lipid encapsulation mechanism provides an explanation for why almonds have a low metabolizable energy content (Novotny et al., 2012) , an attenuated impact on postprandial lipemia (Grundy et al., 2015) and this lipid composition may influence on gut microbiota and subsequent fermentation products (Shen et al., 2014) . The cell walls act as barriers to prevent the physical release of lipids from cells that arrive intact in the colon , where they are metabolized by microbiota, releasing lipids, proteins and polyphenols of smaller molecular size.
Studies on nut fiber bioaccessibility have been largely restricted to almonds (Ellis et al., 2004; Cassady et al., 2009; Novotny et al., 2012; Grassby et al., 2014; Grundy et al., 2015) , and should be extended to other nuts, since part of the health outcomes attributed to nuts may be partly due to this fibrous material being unavailable for digestion until metabolized in the colon. Evidence of microbial degradation of almond polysaccharides (non-starch polysaccharides) was observed by Ellis et al., when analyzing the human stool after almond consumption (Ellis et al., 2004) . Indigestible nut polysaccharides are fermented by the intestinal bacteria to short-chain fatty acids (SCFA), apparently mainly butyrate (Mandalari et al., 2008; Ukhanova et al., 2014 ) (see Figure 1 ).
Biological effects of the main metabolites formed by host microbiota from nut polyphenols or fiber Human microbiota metabolize non bioavailable polyphenols facilitating the bioactivation of polyphenols that may exert their effect on the colonocytes; however they are also absorbed, arriving to different tissues where they can exert their protective activity. Nut fiber that arrives to the colon is metabolized by microbiota to form SCFA that are good energy substrate for colonocytes and they are signaling molecules that participate in various cellular processes. , 2015) . However, as has been pointed out previously, the main ET metabolites circulating in human plasma and prostate tissue (Gonz alez-Sarr ıas et al., 2010; Freedland et al., 2013) are the glucuronidated and methylated urolithins A and B. These compounds may exert their effect in the colon and have a protective effective on the systemic system and also on prostate cells; however, when they are glucuronidated they have lower antiproliferative activity (Gonz alez-Sarr ıas et al., 2014). Due to the affinity of urolithin for prostatic cells and their possible role on prostate cancer prevention, research on these compounds has mainly focused on their role on prostatic cells.
Animal models clearly show that walnut intake or ETs decrease the incidence of prostate cancer (Reiter et al., 2013; Hardman, 2014; Kim et al., 2014) but results in human intervention trials after intake of ET-rich foods are still inconclusive (see Table 2 ). In a preliminary study done by Gonz alez-Sarr ıas Table 2 ). Metabolites of urolithin A and traces of B were detected in the prostate gland in both groups receiving the ET-rich food, and more metabolites were detected in the prostate samples from patients who consumed walnuts than those from the pomegranate juice group. While both foods are rich in ETs, the major ET in walnuts is perduncagalin (Cerd a et al., 2006) and in pomegranate punicalagin (Seeram et al., 2006) . Nevertheless, the expression levels of several cancer-related markers, with a key role in cell cycle and cell proliferation regulation in prostate tissues, could not be correlated with these metabolites. Simon et al. (Simon et al., 2007) reported a lack of effect on serum prostate-specific antigen (PSA) levels among 40 middle-aged normal weight? men when they increased walnut consumption (daily mean of 35 g, 12% total energy equivalent to 288 mg of ETs (Abe et al., 2010) ) for 6 months relative to their habitual intake (Simon et al., 2007) . PSA levels are considered a biomarker of prostate enlargement, inflammation, and cancer. Spaccarotella et al. (Spaccarotella et al., 2008) did not observe changes in PSA levels after consumption of walnuts for 8 weeks. However, they observed a trend towards an increase in the ratio of free PSA:total PSA at the end of the walnut phase in a randomized, cross-over intervention study with 21 men between 45 and 74 years of age. A higher ratio of free: total PSA may be associated with less aggressive cancer. In that study, participants consumed 75 g of walnuts per day (approximately 24% of energy intake from walnuts, based on a diet with 2000 kcal/day), equivalent to 617 mg of ETs for 8 weeks or their usual "Average American Diet", and then, following a 2-week break, switched to the other diet for 8 weeks (see Table 2 ).
Walnuts are not only rich in ETs they also contain other nutrients (alpha-linolenic, phyosterols) that may help to explain this protective effect on prostate hyperplasia. However unless animal studies show that walnuts or ETs reduce prostate tumor growth (Reiter et al., 2013; Kim et al., 2014) . In humans, the results are still inconclusive. According to the American Institute for Cancer Research (American Institute for Cancer Research, 2015) "the evidence is currently too limited to draw any conclusions about walnuts -or any nuts -and cancer risk."
From proanthocyanidins (PAC)
PAC are oligomers and polymers of monomeric units of flavan-3-ols (¡)-epicatechin or (C)-catechins (including the gallated forms), that are present in the nut kernel of many nuts, representing one of the richest food sources per serving. Unless epidemiological data clearly show the benefits of PAC consumption however PAC are not bioavailable for human gut (see Figure 2 ). So they arrive intact to the colon however there they are metabolized by gut microbiota forming the bioactive compounds: gamma-valerolactones and phenolic acids so the benefits of PAC consumption has to be explained by a direct effect of these compounds in the intestine or by the colon bioactive metabolites originated. Hydroxyphenylvalerolactones are generated from the C-ring opening of flavanols (procyanidins B and (epi)catechin) by the action of colonic microflora, followed by further lactonization. They are described as the main microbial metabolites derived from the biotransformation of these PAC or flavan-3-ols (Appeldoorn et al., 2009; Ou et al., 2014) and they may be considered a biomarker of epicatechin and procyanidin consumption, since they increase significantly after the consumption of these specific compounds (Ottaviani et al., 2012; Rodriguez-Mateos et al., 2015) . After almond skins consumption, since PAC are the major polymerized polyphenols in almonds, the main metabolite produced quantified in plasma and urine were hydroxyphenylvalerolactones (Urpi-Sarda et al., 2009; Garrido et al., 2010; Llorach et al., 2010) . However, the hydrolysis of the C-rings depends on the microbiota present, since only some specific microbial organisms seem to have the capacity to open this ring (Kutschera et al., 2011; Takagaki and Nanjo, 2015) . The physiological activity of gamma-valerolactone metabolites has not been extensively studied, but preliminary data are promising. In a study with two volunteers, after consumption of pine bark extract rich in flavan-3-ol, valerolactone metabolites accumulated in human blood cells (M€ ulek et al., 2015; M€ ulek and H€ ogger, 2015) . In an open oral intervention study, with sixteen healthy human subjects that received given an oral administration of 540 mg of flavanols (tea extract) per day with vitamin C (50 mg), for 12 weeks, valerolactones were detected in skin tissue and fluid, inhibiting skin inflammation induced by 12-hydroxyeicosatetraenoic acid after UV exposure (Rhodes et al., 2013) . More studies are necessary to explore the possible mechanism of action of gammavalerolactones and other microbiota metabolites, since these results may help to explain the beneficial health outcomes attributed to procyanidin or flavanol intake (Holt et al., 2012; McCullough et al., 2012; Wang et al., 2014) , which are otherwise difficult to explain given their low bioavailability (Ottaviani et al., 2012 ).
Short-chain fatty acids (SCFAs) from nut polysaccharides
Polysaccharide fermentation in the colon releases SCFAs: acetate, propionate and butyrate, and gases such as hydrogen and carbon dioxide. Long-term exposure to certain foods seems to modulate SCFA production. Butyrate production has been correlated with fecal donor intake of grain-, nut-, and vegetable-based foods (Yang and Rose, 2014 ). However, not many studies have focused on the changes in SCFA profile after nut consumption. In vitro studies with almonds have shown an increase in the levels of lactic, acetic, propionic and butyric acids (Mandalari et al., 2008) .In vivo, nut polysaccharides are fermented by human intestinal bacteria to SCFA, apparently mainly butyrate (Mandalari et al., 2008; Ukhanova et al., 2014) . The relative proportions of the SCFA produced will likely alter cholesterol synthesis (St-Onge et al., 2000) . 95% of the produced SCFAs are rapidly absorbed by the colonocytes while the remaining 5% are secreted in the feces. SCFAs are metabolized by colon epithelial cells to which they constitute approximately 60-70% of the energy requirement. Moreover SCFA act as signaling molecules in various cellular processes. Recent in vivo and in vitro studies suggest that SCFAs stimulate gut hormone secretion. Therefore, the SCFA signal is likely to be important for gut physiological functions (Kaji et al., 2014) . The beneficial effect of butyrate on human host health has been extensively described in several review papers (Leonel and Alvarez-Leite, 2012; Brahe et al., 2013; Hartstra et al., 2014) . Butyrate (see Figure 1 ) may induce beneficial metabolic effects through enhancement of mitochondrial activity, prevention of metabolic endotoxemia, and activation of intestinal gluconeogenesis via different routes of gene expression and hormone regulation. Recent studies indicate a role for SCFAs, in particular propionate and butyrate, in metabolic and inflammatory disorders such as obesity, diabetes and inflammatory bowel diseases (Brahe et al., 2013; Puertollano et al., 2014) . A butyrate-increasing diet may be applied in prevention and treatment of obesity related metabolic diseases Future research should focus on how nut consumption may affect butyrate production and health outcomes.
Conclusion
Non-bioaccessible material from nuts, constituting mainly of polymerized polyphenols and polysaccharides, arriving in the colon intact seems to have a prebiotic effect. When a sufficient amount (56 g) is administered for at least 8 weeks, an increase in Bifidobacterium and Lactobacillus is observed. However, more human intervention studies, administering different doses, over a sufficiently long period of time, should be performed to evaluate these prebiotic properties further. Polymerized polyphenols from nuts are metabolized by colon microbiota to produce smaller molecular size polyphenols that are bioavailable in the colon. Urolithins are the main metabolites after the intake of ellagitannins (the main polyphenols in walnuts). While these compounds have demonstrated in vitro, in animal models their protective effect on prostate cells, more intervention clinical trials are necessary to support any recommendation. When low bioavailable proanthocyanidins are administered, the main biomarker is gammavalerolactones, which may be, with other phenolic metabolites, responsible for the significant beneficial effect on health outcomes attributed to proanthocynidins intake. Butyrate is the main product of nut polysaccharide fermentation by microbiota and its benefits for the human host via changes in gene expression and hormone regulation have been extensively described.
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